ABSTRACT The design of filtering 180 • hybrids with arbitrary power division and filtering response (filter order) is proposed in this paper. By integrating a 180 • hybrid and bandpass filters into a single component, the overall circuit size can be reduced. The design theory based on the coupled resonator technique was detailed and validated experimentally through the fabrication of the third-order filtering 180 • hybrid with a 0-dB power-dividing ratio and the second-order filtering 180 • hybrid with a 6-dB power-dividing ratio. The power-dividing ratio can be arbitrarily determined through proper design of the coupling coefficients between the resonators. In addition, net-type resonators were selected to ensure compactness of the filtering 180 • hybrids. The prototype sizes of the two example circuits were only approximately 0.25λ g × 0.12λ g and 0.12λ g × 0.12λ g , demonstrating highly compact circuit sizes. Moreover, isolations better than 30 and 21 dB within the operating passbands for the two circuits were achieved.
I. INTRODUCTION
In radio frequency (RF) and microwave wireless communication systems, bandpass filters (BPFs) and hybrids (or couplers) are critical and essential components, which are used to select and divide or combine RF signals or power, respectively [1] . In recent years, integrating a hybrid and BPFs into a single device, namely a filtering hybrid, has become popular, because it can not only reduce the number of RF and microwave components but also save circuit area in various systems. In [2] - [10] , the transformation of a 180 • hybrid into a coupled resonator network has been investigated. Size reduction could be achieved because the λ/4 and 3λ/4 transmission line sections were replaced with coupling between resonators. Moreover, a filtering function could be obtained. In [11] , a dual-band filtering quadrature (90 • ) hybrid was proposed. Power-dividing and filtering functions were achieved simultaneously by using two sets of coupled resonators. A dual-band filtering 90 • hybrid based
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on the coupled resonator technique was investigated in [12] . The use of dual-mode stub-loaded resonators to fabricate a filtering 90 • hybrid resulted in a compact structure. To enhance frequency selectivity, a 180 • hybrid with an eighthorder bandpass response was developed in [13] . In [14] , a collaborative design of a dual-band filtering 180 • hybrid using shorted-stub loaded stepped-impedance resonators was presented. The electric and magnetic coupling coefficients for the two passbands can be determined by adjusting the structural parameters of an open coupled line and three shorted stubs. Moreover, several dual-band 180 • hybrids have been proposed in [15] - [19] by using different design methods.
In addition, the hybrid coupler with arbitrary power division is required for certain applications. Accordingly, several approaches have been reported in [20] - [26] . In [20] , a periodic stepped-impedance ring structure was proposed for implementing 180 • hybrids with arbitrary power division. In [21] , a miniaturized dual-band 180 • hybrid with arbitrary power divisions was designed. Here, each λ/4 section of a traditional rat-race coupler was replaced with the proposed elementary two-port networks. In [22] , branch-line and rat-race couplers were designed using arbitrary power division ratios. A stepped-impedance section possessing two shunt open stubs was used for the designs. In [23] , a dual transmission line comprising two parallel-connected highimpedance transmission lines with unequal electrical lengths were used to implement a 180 • hybrid with an arbitrary power division ratio. In [24] , a dual-band 180 • hybrid based on a stepped-impedance double-sided parallel-strip line with arbitrary power divisions was studied. In [25] , a 180 • hybrid with negative group delay characteristics and an arbitrary power division ratio was developed. Furthermore, a design method for unequal power division filtering rat-race ring couplers was proposed in [26] . Two fifth-order filtering rat-race ring couplers with 3 and 10 dB power divisions were designed and implemented for demonstration.
To achieve both dividing and combining power and filtering functions, the traditional scheme is to cascade a 180 • hybrid and two BPFs, as shown in Fig. 1(a) . However, this leads to a large circuit area of the RF/microwave communication system. To miniaturize the circuit area, an effective design is to integrate the 180 • hybrid and BPFs into a single component, as illustrated in Fig. 1(b) . Although the 180 • filtering hybrids reported in [2] - [10] , [13] , and [14] exhibit a high frequency selectivity property, these designs do not provide arbitrary power division. Moreover, the hybrid couplers reported in [20] - [25] have been designed to have an arbitrary power-dividing function, but such designs lack filtering characteristics. Thus, our research aimed to design compact filtering 180 • hybrids with arbitrary power division and filtering response. A third-order filtering 180 • hybrid with an output power-dividing ratio of 0 dB and a secondorder filtering 180 • hybrid with an output power-dividing ratio of 6 dB were designed, fabricated, and measured for demonstration. The measured results agreed well with the theoretical and simulated ones and thus verify the proposed theory and method. The rest of this paper is organized as follows. Section II presents the design theory and procedures for the proposed filtering 180 • hybrids in detail. In Section III, two design cases for the proposed filtering 180 • hybrids with different specifications are provided. The experimental results are presented and are compared with the electromagnetic simulation results. Finally, Section IV presents the conclusion.
II. DESIGN THEORY
A 180 • hybrid is a four-port network and can be considered as a combination of in-phase and out-of-phase power dividers [27] . The scattering parameters of a 180 • hybrid with arbitrary power division can be expressed as follows:
To satisfy power conservation, the condition of α 2 + β 2 = 1 should be satisfied. Here, the output power-dividing ratio is defined as
In addition, a Chebyshev BPF can be designed using the coupled resonator technique. By calculating and extracting the desired coupling coefficients and external quality factors, the structural parameters of the BPF can be determined [28] . The typical coupling topology of an nth-order Chebyshev BPF is illustrated in Fig. 2(a) , where each node denotes a resonator; M i,j represents the coupling coefficient between resonators i and j, and Q e represents the external quality factor. The equivalent circuit of the nth-order Chebyshev BPF is illustrated in Fig. 2(b) . Here, the coupling coefficient and external quality factor are defined as follows [28] :
and
where L ij represents the mutual inductance between resonators i and j, and L, C, and R represent the inductance, capacitance, and resistance, respectively. 
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Region III:
According to (3) and (4), the relationships of the coupling coefficients and external quality factors between an nth-order Chebyshev BPF and an nth-order filtering power divider can be derived as follows:
In summary, once the specifications, including central frequency, bandwidth, filter order, passband ripple, and powerdividing ratio, are allotted, the required coupling coefficients,
,n , and M III n−1,n , and external quality factors, Q I e , Q II e , and Q III e , of a filtering power divider can then be calculated. Note that, the analysis above is based on magnetic couplings. If the couplings between resonators are electric couplings, the idea is also suitable for use.
The proposed coupling topology of a filtering 180 • hybrid with nth-order Chebyshev bandpass response and arbitrary power division is presented in Fig. 4 , where ports 1 and 4 are defined as the sum and difference ports, respectively. The structure was formed by in-phase and out-of-phase filtering power dividers. To achieve a 180 • phase difference between the output ports of an out-of-phase filtering power divider, the coupling route marked with dashed line should be outof-phase with the others; that is, the sign of the coupling coefficient is negative, which is opposite that of the other coupling coefficients. Here, the frequency selectivity can be arbitrarily determined by selecting different values of the filter order n. Moreover, a high filter order results in high selectivity. For example, the ideal frequency responses of a filtering 180 • hybrid centered at 1 GHz with different values of power-dividing ratio (P ratio ), filter order (n), and fractional bandwidth ( ) are presented in Fig. 5(a)-(d) . We observed that a filtering response with arbitrary power division and filter order can be achieved. It should be noted that, since the proposed filtering 180 • hybrid is designed by using the coupled resonator technique, which is based on narrowband (0.04321 dB ripple level) (a) P ratio = 0 dB, n = 3, and = 5%; (b) P ratio = 6 dB, n = 3, and = 5%; (c) P ratio = 0 dB, n = 6, and = 10%; (d) P ratio = 10 dB, n = 6, and = 10%. approximation, hence the proposed method and structure are applicable to the narrowband realization, i.e., ≤ 20%.
The design procedures of the proposed filtering 180 • hybrid are summarized as follows.
Step 1) Prescribe the central frequency, bandwidth, filter order, passband ripple, and power-dividing ratio.
Step 2) Select the type of resonator. Note that the fundamental resonance frequency of all resonators should be designed to correspond to the central frequency of the hybrid.
Step 3) Calculate the theoretical values of coupling coefficients and external quality factors according to the specification.
Step 4) Extract coupling coefficients of coupled resonators and external quality factors of input-output (I/O) coupling structure.
Step 5) Determine the gap distance between adjacent resonators and physical parameters of the I/O coupling structure according to the theoretical values of coupling coefficients and I/O external quality factors.
Step 6) Perform an optimization procedure to acquire a specific passband performance level (if required).
III. CIRCUIT IMPLEMENTATION
A. FILTERING 180 • HYBRID WITH n = 3 AND P ratio = 0 dB
To verify the design approach, a filtering 180 • hybrid with third-order Chebyshev bandpass response (0.04321 dB ripple level) was designed to exhibit a central frequency of 0.52 GHz with a fractional bandwidth of 4.8% and an output power-dividing ratio of 0 dB (equal power division, i.e., α = β = √ 1/2). Initially, the net-type resonators were selected to form the filtering 180 • hybrid, because this kind of resonator has the properties such as compact size, wide stopband response, and flexible circuit layout [29] , [30] . The net-type resonator used in this design was constructed by connecting one short-circuited microstrip line and three identical open-circuited microstrip lines. Here, all microstrip line sections of the net-type resonator were set to the same characteristic impedance. When the resonator operated at the fundamental mode, a maximum electric field density near the open-circuited lines and a maximum magnetic field density near the short-circuited line were observed. Therefore, electric coupling was achieved by closely placing the open-circuited line sections of two net-type resonators, as illustrated in Fig. 6(a) , whereas the magnetic coupling was achieved by closely placing the short-circuited line sections of two net-type resonators, as illustrated in Fig. 6(b) . Note that, the size of a single net-type resonator is only around 0.06 λ g × 0.06 λ g , where λ g is the guided wavelength at the resonance frequency. Moreover, the first harmonic resonance frequency of the net-type resonator occurs at the frequency 5 times above the fundamental resonance frequency, leading to a wide stopband response. In addition, since each stub line of the net-type resonator can be arbitrary bend to form various layouts, thus the property of flexible circuit layout can make it more suitable for implementing the proposed coupling topology of the filtering 180 • hybrid.
The coupling topology of the third-order filtering 180 • hybrid is displayed in the inset of Fig. 5(a) or (b) . The theoretical values of coupling coefficients and external quality factors can be calculated as follows:
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where is the fractional bandwidth; g values are the lumpedelement values of a low-pass prototype filter, which are g 0 = 1,g 1 = 0.8516,g 2 = 1.1032, and g 3 = 0.8516 [26] . 1 , and l. Notably, the interdigital coupling structure was adopted in this design to enhance the I/O coupling strength and obtain the desired values of Q e .
The extracted values of coupling coefficients and external quality factor can be obtained from full-wave simulation results performed by Advanced Design System (ADS). For the extraction of coupling coefficient, the extracted configurations and the simulated frequency responses for electric and magnetic couplings are shown in Fig. 8(a) and (b) , respectively. Note that the coupling coefficient could be evaluated using two coupled resonators through the following formula [28] :
where f p1 and f p2 are defined as the lower and higher fundamental resonant frequencies of the two coupled resonators under weak coupling. For the extraction of external quality factor, the extracted configuration and the simulated frequency response are shown in Fig. 9 . The external quality factor can be evaluated from an I/O resonator with doubly loading by using the following equation [28] : (12) where f 0 denotes the resonant frequency and f 3−dB denotes the 3 dB bandwidth for which |S 21 | is reduced by 3 dB from its maximum value of the I/O resonator. Following the above analysis, the design curves of coupling coefficient and external quality factor can be obtained and plotted in Fig. 10 and w 1 = 0.5 mm. The photograph of the fabricated filtering 180 • hybrid is illustrated in Fig. 11 . Fig. 12(a)-(d) presents the electromagnetic simulation and measurement results of the proposed filtering 180 • hybrid. An Agilent N5230A network analyzer was used for measurement. The measurement results were in good agreement with the simulated ones. From the measurement results, the return losses (i.e., |S 11 | and |S 44 |) were both better than 18 dB within the passband frequencies; and the insertion losses |S 21 |, |S 31 |, |S 24 |, and |S 34 | at the central frequency were approximately 0.84, 1.1, 1.1, and 0.8 dB, respectively, in addition to the insertion loss of the 3 dB 180 • hybrid. Notably, the insertion losses primarily resulted from conductor loss. In addition, the measured isolations (i.e., |S 41 | and |S 14 |) were both higher Fig. 13(a) . The theoretical values of coupling coefficients and the external quality factor can be computed, respectively, as follows:
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where g 0 = 1,g 1 = 0.6648, and g 2 = 0.5445 [26] . The layout of the filtering 180 • hybrid is presented in Fig. 13(b) . The net-type resonators were also exploited to form the filtering 180 • hybrid. The positive couplings, M 12 , M 13 , and M 24 , were realized using electric coupling; whereas the negative coupling, M 34 , was realized using magnetic coupling. The circuit was designed and implemented in microstrip on a 1.524-mm-thick Rogers RO4003 substrate, which exhibited a loss tangent δ of 0.0027 and relative dielectric constant r of 3.38. The design curves in Fig. 10(a) and (b) can be also applied to this design. The designed second-order filtering 180 • hybrid with P ratio = 6 dB had an overall circuit area of 0.12 λ g × 0.12 λ g (i.e., 48. .99 + 0.87, and 0.97 + 0.75 dB, respectively. Notably, the insertion losses were primarily caused by conductor loss. In addition, the measured isolations (i.e., |S 41 | and |S 14 |) were both greater than 21 dB over the whole passband. Moreover, the measured phase differences S 21 − S 31 and S 24 − S 34 ranges from 0.5 to 0.54 GHz were within 0 • ± 3 • and 180 • ± 3 • , respectively; the measured magnitude imbalances |S 21 |−|S 31 |−6.02 dB and |S 24 |−|S 34 | +6.02 dB ranges from 0.5 to 0.54 GHz were within 0.8 dB and 0.3 dB, respectively. Table 1 summarizes the comparison of the proposed filtering 180 • hybrids and other reported previous circuits. Both filtering and power-dividing functions were achieved for the proposed 180 • hybrids. The frequency selectivity (filter order) and power-dividing ratio can be designed arbitrarily. Moreover, the proposed filtering 180 • hybrids occupy small areas. Compared with the design of unequal power division filtering rat-race ring couplers in [26] , a smaller circuit area can be obtained by using the proposed method and structure. Depending on the same filter order, operating frequency, and substrate parameters, size reduction greater than 90% can be achievable. In addition, the design in [30] does not provide the solution for arbitrary power division and arbitrary filtering response (filter order). In other words, the design in [30] is only able to realize a second-order filtering power divider with equal power division.
IV. CONCLUSION
In this paper, the design of filtering 180 • hybrids with arbitrary power division and filtering response is proposed. Detailed design theory and steps are provided. Third-order and second-order filtering 180 • hybrid with power-dividing ratios of 0 dB and 6 dB, respectively, were designed and implemented to verify the theoretical prediction and design approach. The results demonstrated that both the frequency selectivity (filter order) and power-dividing ratio can be designed arbitrarily. Moreover, the sizes of the two example circuits were only approximately 0.25 λ g × 0.12 λ g and 0.12 λ g × 0.12 λ g . In addition, in-band isolations higher than 30 and 21 dB were obtained, respectively. As a result, the features of compact size, arbitrary filtering response, arbitrary power division, and high isolation make the proposed filtering 180 • hybrids attractive for application in modern RF and microwave systems. 
